Background: Selenium and single-nucleotide-polymorphisms in selenoprotein genes have been associated to diabetes. However, the interaction of selenium with genetic variation in diabetes and oxidative stress-related genes has not been evaluated as a potential determinant of diabetes risk. Methods: We evaluated the cross-sectional and prospective associations of plasma selenium concentrations with type 2 diabetes, and the interaction of selenium concentrations with genetic variation in candidate polymorphisms, in a representative sample of 1452 men and women aged 18-85 years from Spain. Results: The geometric mean of plasma selenium levels in the study sample was 84.2 µg/L. 120 participants had diabetes at baseline. Among diabetes-free participants who were not lost during the follow-up (N=1234), 75 developed diabetes over time. The multivariable adjusted odds ratios (95% confidence interval) for diabetes prevalence comparing the second and third to the first tertiles of plasma selenium levels were 1.80 (1.03, 3.14) and 1.97 (1.14, 3.41), respectively. The corresponding hazard ratios (95% CI) for diabetes incidence were 1.76 (0.96, 3.22) and 1.80 (0.98, 3.31), respectively. In addition, we observed significant interactions between selenium and polymorphisms in PPARGC1A, and in genes encoding mitochondrial proteins, such as BCS1L and SDHA, and suggestive interactions of selenium with other genes related to selenoproteins and redox metabolism. Conclusions: Plasma selenium was positively associated with prevalent and incident diabetes. While the statistical interactions of selenium with polymorphisms involved in regulation of redox and insulin signaling pathways provide biological plausibility to the positive associations of selenium with diabetes, further research is needed to elucidate the causal pathways underlying these associations.
Introduction
While early experimental studies suggested a potential role of selenium, an essential nutrient and a component of antioxidant selenoproteins, as an anti-diabetic factor, [1, 2] the evidence from human studies has been controversial. Most [3] [4] [5] [6] , but not all [7, 8] , cross-sectional studies of selenium and type 2 diabetes identified statistically significant positive associations. The prospective ORDET cohort study showed that increased dietary selenium intake was associated with an increased risk of type 2 diabetes [9] . Conversely, selenium at dietary levels of intake was inversely associated with incident diabetes in two separate cohorts of U.S. men (mean toenail selenium 0.84 µg/g) and women (mean toenail selenium 0.77 µg/g) [10] . Other prospective studies have shown null results [6, 11] . More recently, a case-control study in a population from Northern Taiwan found that high serum selenium levels were associated with increased risk for diabetes mellitus [12] . Moreover, positive, although in some cases not statistically significant, associations from clinical trials in selenium-repleted populations supported concerns that high selenium exposure may not be beneficial for type 2 diabetes or insulin resistance [13] [14] [15] [16] [17] .
Genetic studies indicate that type 2 diabetes is a highly heritable trait [18] . A number of single-nucleotide-polymorphisms (SNPs) in selenoprotein genes, including SEPS1, SEPP1, GPX1, and GPX4, have been associated to diabetes-related conditions [19] [20] [21] [22] , supporting that redox unbalance may be an underlying mechanism in altered glucose metabolism and β-cell dysfunction. Nonetheless, the interaction of selenium status with genetic variation in diabetes and oxidative stress-related genes has not been evaluated as a potential determinant of type 2 diabetes.
The objective of this study was thus to evaluate the gene-environment interactions between plasma levels of selenium and genetic variants related with diabetes or redox metabolic pathways on the prevalence and incidence of diabetes in a population-based study conducted in Spain. Evaluating the interaction of selenium exposure and polymorphisms in candidate genes can potentially provide etiologic insight into the selenium-diabetes relation.
Methods

Study population
The Hortega Study is a population-based survey among adults 15-85 years old residing in the catchment area of the Rio Hortega University Hospital in Valladolid (Spain). In Spain, tertiary hospitals have specific geographic areas for patient referral and integrate the network of primary care centers in each area. The baseline examination visits started in 2001 and were completed in 2003. The study design and data collection methods for the baseline examination have been described elsewhere [23] . Incident health endpoints and deaths that occurred after the baseline examination visit were assessed in 2015 by reviews of health records including primary care, hospitalization and mortality. Records were reviewed by 2 physician reviewers who adjudicated incident events. The study sample consisted of 1502 total participants with stored plasma samples. For the cross-sectional analysis, we excluded 12 participants missing selenium measures, 20 participants missing smoking-related variables, and 17 participants missing data in other relevant covariates, leaving 1452 participants. For prospective analysis we further excluded 120 prevalent cases of diabetes, and 99 individuals who were lost during follow up, leaving 1234 diabetes-free participants at the baseline examination. The research protocol was approved by the Ethics Committee of the Rio Hortega University Hospital and all participants provided written informed consent.
Plasma selenium levels
We measured plasma selenium levels by inductively coupled-plasma mass spectrometry (ICPMS) on an Agilent 7500CEx ICPMS (Agilent Technologies, United States) following a standardized protocol. The lower and upper detection limits for plasma selenium levels were 29.85 and 205.30 µg/L, respectively. No samples had levels below or above these limits. The inter-assay coefficient of variation for plasma selenium levels was 5.6%. In order to ensure analytical accuracy, a commercially available reference material (Scharlau Standard Solution), which is traceable to the corresponding National Institute of Standards and Technology reference material, was used. Additional internal controls were employed for daily quality control. Acceptable control measures were within two standard deviations of reference means.
Type 2 diabetes
In the Hortega study, blood samples were obtained after an average of 3 h since the last intake of food (range 0-17). Glucose was measured by the glucose oxidase method with an autoanalyzer (Hitachi 704, Boehringer Mannheim, Germany). A second fasting glucose determination was obtained only in subjects with non-fasting glucose levels equal or higher than 140 mg/dl. Glycosylated hemoglobin (HbA1c) levels were measured from capillary blood samples with a DCA 2000 HbA1c analyzer (Bayer Diagnostics, Tarrytown, NY). Subjects were considered as having prevalent diabetes if, at the time of the baseline examination, they had been previously diagnosed of type 2 diabetes by a physician, if they had a record of use of diabetes medications in the clinical history, if fasting plasma glucose was > 126 mg/dl, or if HbA1c was 6.5%. Subjects were considered as having incident diabetes if they were diabetes-free at the time of the baseline examination and they fulfilled the diabetes definition during the follow-up based on the health records.
DNA isolation, SNP selection and genotyping
We isolated DNA from peripheral blood cells using Chemagic System (Chemagen), and quantified it with PicoGreen dsDNA Quantification Reagent (Invitrogen, Carlsbad, CA, USA). DNA was diluted to a final concentration of 100 ng/µl. We used bibliography searches and the SYSNPS program [24] , based on public data sources including Ensembl and HapMap (GRCh36), to identify 597 single nucleotide polymorphisms (SNPs) from 155 candidate genes implicated in diabetes metabolic pathways such as inflammation, redox homeostasis and response to insulin or gluconeogenesis. We included SNPs previously reported to be related to health outcomes in humans or to have functional implications.
The SNPs were genotyped using an oligo-ligation-assay (SNPlex, Applied Biosystems, Foster City) following the manufacturer's guidelines. The polymorphisms nomenclature was based in Den Dunnen JT et al. recommendations. The mean genotyping coverage across all genotyped SNPs was 95%. We excluded 42 SNPs because of a genotyping coverage < 90%, 59 SNPs because they had less than 3 genotypes and 41 SNPs because they did not meet a Hardy-Weinberg equilibrium p-value < 0.01. 101 SNPs were further excluded because they had a MAF < 0.05 or a minor genotype frequency < 20 in the study population. The final number of SNPs included in gene-environment interaction analyses was 354.
Other variables
Information on age, sex, education, smoking status and alcohol intake was based on self-report. Body mass index (BMI) was calculated using measured height and weight. Urine cotinine was measured by enzyme-linked immunosorbent assay (ELISA) (Kit "Análisis DRI® Cotinina", Microgenics laboratories). 1121 individuals had cotinine concentrations below the limit of detection (34 ng/mL).
Statistical methods
We used the survey package in R software (version 3.30; R Development Core Team 2016) to account for the sampling design and survey weights. Plasma selenium concentrations were log-transformed for analyses. Cut-offs for plasma selenium tertiles were based on weighted distributions in the study sample. For the cross-sectional analysis, we estimated multi-adjusted odd ratios of type 2 diabetes (with 95% CIs) by selenium levels using logistic regression models. For the prospective analysis, we used Cox proportional hazard models with age as time scale and age at baseline treated as staggered entries.
Follow up time was calculated in years from the date of baseline visit to the date of newly diagnosed diabetes for patients with incident diabetes and, for those without incident diabetes, to the date of the administrative censoring (November 30, 2015) or the date of death. Plasma selenium concentrations were introduced in the models as tertiles comparing each of the 2 highest tertiles of plasma selenium with the lowest tertile, or as a log-transformed (continuous) variable to compare the prevalence and incidence of type 2 diabetes for a doubling of selenium concentrations.
Statistical models were initially unadjusted (Model 1) and then they were adjusted for age, sex and education (< high school, ≥ high school) (Model 2). We additionally adjusted for urine cotinine levels (< 34, 34-500, and > 500 ng/mL), smoking status (never, former, and current) and alcohol status (never, former, current) (Model 3). As a sensitivity analysis we further adjusted the statistical models for BMI. We did not consider BMI in the final model because the number of missing values was high and the results did not change. We also modeled selenium models without using the logarithmic transformation, with essentially similar results (data not shown). P-values for linear and non-linear trend were obtained from Wald tests for logtransformed plasma selenium and plasma selenium spline terms in regression models.
Gene-environment interaction analyses were evaluated from interaction terms for log-transformed plasma selenium levels with indicator variables for genotypes. For each SNP we estimated three models for the interaction with selenium in separate models assuming dominant, recessive and additive inheritance, and calculated the P-values for interaction in each model by using Wald tests for the corresponding interaction terms. We calculated a Bonferroni-corrected p-value of 0.0002 (estimated as 0.05 divided by 242 effective number of SNPs. The effective number of SNPs in our study population was obtained using Plink software [25] based on the LD structure). For polymorphisms with the top-10 interaction p-values, we reported the associations of selenium and diabetes among subgroups of participants carrying the specific genotypes of interest. If more than 1 inheritance model showed statistically significant SNP-selenium interactions at the nominal pvalue of 0.05, we reported the best fitting inheritance model selected by comparing a general model that included separate dummy variables for the heterozygote and minor allele homozygote (reference major allele homozygote) with the models assuming dominant (minor allele homozygote and heterozygote versus major allele homozygote), recessive (minor allele homozygote versus heterozygote and major allele homozygote) or additive inheritance (0, 1, or 2, minor allele dosage).
Results
Description of the study population
The overall geometric mean concentration of plasma selenium was 84.2 µg/L ( Table 1 ). The weighted prevalence of diabetes was 5.6% (n=120). The incidence rate of diabetes over the study period was 5.0 per 1000 person-years. The median follow-up time was 13.2 years. Participants with prevalent diabetes compared to participants without prevalent diabetes were older, more likely to be men and former smokers, and to have lower education and serum cotinine levels (Table 1) . Participants with incident diabetes showed similar characteristics compared to participants with prevalent diabetes, except for alcohol intake (Supplemental Table 1 ).
The association of selenium and Type 2 Diabetes
In multi-adjusted models, plasma selenium concentrations were linearly and positively associated with the prevalence of diabetes (plinear trend 0.03) ( Table 2 ). The odds ratios for prevalent diabetes comparing the second and third to the first tertiles of selenium distribution were, respectively, Table 2 ). The P-values for non-linear spline terms were not statistically significant in both cross-sectional and prospective analyses (non-linearity p-values in fully adjusted models were 0.55 and 0.66, respectively) (data not shown).
Gene-environment interaction
At the Bonferroni-corrected level of statistical significance, the following candidate SNPs showed significant evidence of a differential association of plasma selenium levels and prevalent diabetes: rs6962 in SDHA (p-interaction=0.00002) and rs2243911 in BCS1L (p-interac-tion=0.00008), which are related to mitochondrial enzymes; and rs4923461 and rs4074134 in BDNF (p-interaction=0.00009 and 0.0001, respectively) and rs2932966 in PPARGC1A (p-interac-tion=0.0002), which are involved in signaling pathways ( Fig. 1 , Table 3 ). The statistical interactions of selenium with SNPs in BDNF from recessive models, however, must be taken with caution because the number of participants with prevalent diabetes among homozygous carriers of the minor allele was low (the number of cases/non cases was 116/1237 and 3/71 among carriers of the AA+AG and GG genotypes, respectively, in rs4923461, and 115/1243 and 4/73 among carriers of the GG+GA and AA genotypes, respectively, in rs4074134 [data not shown]). For rs7710005 in SDHA (p-interaction=0.0003) and rs12721241 in AGTR1 (p-interaction=0.0003), the evidence was suggestive ( Fig. 1 , Table 3 ). In addition, among top-10 interaction pvalues, we found statistical interactions of selenium with polymorphisms from selenoprotein genes such as rs1548357 in TXNRD2 (p-interaction=0.001) and rs5018287 in TXNRD1 (p-interaction=0.003) and other genes encoding mitochondrial enzymes such as rs10896288 in NDUFS8 (p-interaction =0.002) or involved in lipid transport (rs1800977 [p-interaction =0.002] and rs2246293 [p-interaction =0.003] in ABCA1) ( Fig. 1, Table 3 ).
The corresponding associations of selenium with incident diabetes among carriers of these polymorphisms were directionally consistent for most genotypes, although the interaction p-values were not statistically significant (Table 3 ). However, the number of incident diabetes cases was markedly lower compared to the number of prevalent diabetes cases, making the estimation of gene-environment Table 2 shows the associations of selenium and incident diabetes by genotype for polymorphisms with the top-10 interaction p-values and at least 11 incident diabetes cases among carriers of the minor genotype, which include polymorphisms in genes related to oxidative metabolism such as rs206812 in XDH (p-interaction =0.004) and rs2297520 in NOS2A Table 2 ).
Discussion
This study evaluated the cross-sectional association of baseline plasma selenium concentrations with prevalent diabetes, the prospective association of baseline plasma selenium concentrations with incident diabetes among participants free of diabetes at baseline, and the interaction of selenium and diabetes-related candidate polymorphisms, using a representative sample of the general population. At selenium exposure concentrations that were similar to other European countries, plasma selenium was linearly and positively associated with both the prevalence and incidence of diabetes. We found significant interactions of selenium levels with genetic variation in BCS1L, SDHA and PPARGC1A, and suggestive interactions in genes related to oxidative metabolism including genes related to selenoproteins and mitochondrial proteins. Findings from our gene-environment interaction analysis are, thus, consistent with a potential dysfunction of redox mechanisms associated with altered selenium levels in diabetes.
The observed positive associations of selenium with diabetes were largely consistent with findings from most, but not all, populationbased studies [2, 12, 16, 26] . Interestingly, prospective studies mostly reported null or inverse associations [2, 6, 10, 11] . In the Olivetti Heart Study population (mean plasma selenium 77.5 ng/mL), the crosssectional, positive, association of selenium with diabetes was not confirmed in prospective analysis [6] . In our data, selenium exposure, as measured in plasma, consistently showed a positive association with both prevalent and incident diabetes. Random sampling and, differ- Model 1 is unadjusted. Model 2 is adjusted for age (years), gender (male, female), education (< high school, ≥high school). Model 3 is further adjusted for urine cotinine levels (< 34, 34-500, and > 500 ng/mL), smoking status (never, former and current smoker) and alcohol intake (g/day). In cox proportional hazard models for the estimation of hazard ratios, the time scale was age and age at baseline was treated as staggered entries in all adjustment models. Abbreviations: OR, odds ratio; CI, confidence interval; HR, hazard ratio. ences in exposure, genetic background, sample size, and residual confounding, are plausible explanations for the inconsistent findings across different observational studies. In a recent meta-analysis of randomized controlled trials (N=20,294 participants) the combined relative risks (RRs) for the association between selenium and the risk of type 2 diabetes was 1.09 (95% CI: 0.99-1.20). The authors concluded that the accumulated evidence does not support the use of selenium supplementation for type 2 diabetes prevention [26] . The biological mechanisms underlying the association of plasma selenium with type 2 diabetes are not well understood and experimental evidence is, so far, somewhat contradictory. Some in vivo and in vitro studies suggested that selenium might have insulin-like actions including stimulation of glucose uptake, glycolysis, gluconeogenesis and fatty acid synthesis [1, 27] . Other in vitro studies in pancreatic cells, showed increased insulin secretion in response to selenium treatment [28] . Furthermore, selenate treatment conferred protection to rat insulinoma cells INS1 against streptozotocin-induced cell death [29] , suggesting that the antioxidant properties of selenium may be protective for pancreatic beta-cells. Selenium, however, has also shown potential adverse effects on glucose metabolism, such as hyperglycemia in animal models with high-selenium diets [30] . Interestingly, some animal studies suggest that both selenium over-supplementation and deficiency could be associated with type 2 diabetes in a U-shaped doseresponse relationship [31] . In a previous work in our study population [23] , we observed non-linear dose-responses of selenium exposure with oxidative stress biomarkers. However, in the present analysis the association of selenium and diabetes was linear, with no evidence for a threshold of potential selenium diabetogenic effects.
Mechanistic studies suggest that elevated Se intake induces hepatic insulin resistance through changes in reactive oxygen species (ROS) levels [32, 33] . Mice with elevated gene expression of glutathione peroxidase 1 (GPx1), a major antioxidant selenoprotein, developed insulin resistance and obesity [34] . Increased GPX1 activity interfered with the maintenance of normal insulin function by overquenching intracellular ROS, which are required for sensitizing insulin signaling [35, 36] . Consistently, low expression and activity of major antioxidant enzymes, including selenoproteins such as glutathione peroxidases (GPxs), rendered β-cells sensitive to signaling [37] . In addition, the administration of Selenoprotein P (SeP), which promotes selenium accumulation in the body and is involved in selenium distribution from the liver to extra-hepatic tissues [38] , aggravated insulin resistance in hepatocytes and myocytes [39] . Moreover, both genetic deletion and RNA interference-mediated knockdown of SeP improved systemic insulin sensitivity and glucose tolerance in mice [39] . Circulating selenoprotein P levels were positively associated with fasting plasma glucose levels in humans [40, 41] . Consistently, individuals with type 2 diabetes showed higher concentrations of SeP compared to individuals without type 2 diabetes, although the sample size was small (n=100) [41] . Unfortunately, we did not have genotyped polymorphisms in SEPP1, the gene encoding SeP.
While we did not find statistically significant interactions of selenium with available polymorphisms in selenoproteins such as GPx1 and GPx4, we found statistically suggestive interactions with polymorphisms in GSS, the gene encoding the glutathione synthetase, which participates in the synthesis of the GPx substrate glutathione, and in genes encoding other selenoproteins from the thioredoxin reductase family, which have been related to oxidative metabolism in diabetes [42, 43] . Alternatively, experimental evidence support that other selenoproteins are involved in endoplasmic reticulum (ER) function [44] [45] [46] [47] [48] [49] [50] . Alterations of ER selenoproteins participate in the accumulation of misfolded proteins and associated ER stress [44, 47, [51] [52] [53] . Interestingly, ER in the pancreatic beta cells has an important role in insulin secretion [54] . In our data, carriers of the GA or AA genotypes in rs7566605 from the insulin induced gene 2 (INSIG2), which encodes an Table 3 Odds ratio (95% confidence interval) of prevalent diabetes per a two-fold increase in selenium concentrations by top-10 interaction p-values, and associated hazard ratio (95% confidence interval) of incident diabetes. The Bonferroni-corrected significance level was 0.0002. Odds ratios of prevalent diabetes per a doubling of selenium dose and associated test for interaction were obtained from logistic regression models with log-transformed selenium as a continuous variable. Hazard ratios of incident diabetes per a doubling of selenium dose and associated test for interaction were obtained from cox proportional hazard regression models with log-transformed selenium as a continuous variable. Models were adjusted by age (years), sex (male, female), education (< high school, ≥high school), smoking status (never, former and current smoker), urine cotinine levels (< 34, 34-500, and > 500 ng/mL), and alcohol intake (g/day). *In cox proportional hazard models for the estimation of hazard ratios, the time scale was age and age at baseline was treated as staggered entries in all adjustment models. Abbreviations: SNP, single nucleotide polymorphism; CI, confidence interval.
Prevalent diabetes
ER protein involved in the transport of sterol regulatory element binding proteins to the Golgi, showed increased incidence of diabetes with increased selenium levels compared to carriers of the GG genotype.
Our gene-environment interaction results also point to other redox pathways. For instance, we identified differential associations of selenium and diabetes by polymorphisms in genes encoding mitochondrial chain enzymes such as subunits A and B of the succinate dehydrogenase complex, which are major catalytic subunits of the succionate-ubiquinone oxidoreductase, the NADH-ubiquinone oxidoreductase, and BCS1, a chaperone involved in the assembly of the ubiquinol-cytochrome c reductase. These genes are expressed in pancreas and liver, and the presence of altered gene expression could translate in an unbalance of mitochondrial ROS resulting in increased cell damage. Indeed, increased ROS in the mitochondria compartment resulted in chronic oxidative stress and B-cell dysfunction in pancreatic cell lines [55] . In addition, rs2243911 in BCS1L, is close to RNF25, a gene encoding a protein that interacts with NFkb, a transcription factor involved in immune-mediated pancreatic beta-cells damage [56] .
Interestingly, in diabetes prevalence models, individuals with AC or CC genotypes in rs2932966 from the peroxisome proliferator-activated receptor-γ coactivator 1 alpha (PGC-1α) gene (PPARGC1A) showed increased prevalence of diabetes with increased selenium levels. Associations of PPARGC1A variants with a range of metabolic traits including type 2 diabetes have been reported in human studies [57] [58] [59] [60] [61] [62] . Selenium preserved mitochondrial functional performance by increasing levels of PGC-1α, which is a signaling protein in energy metabolism pathways, potentially including insulin signaling pathways [63] , in neuronal cell lines and prevented ischemic neuronal damage in mice [64] . Other lines of evidence suggest that elevated PGC-1α levels might, in turn, increase hepatic selenoprotein P biosynthesis and insulin resistance [65] .
Our study needs to be viewed within its strengths and limitations. First, one weakness was the lack of non-fasting plasma glucose determinations in the whole study population. Only individuals with suggestive evidence of altered non-fasting glucose levels underwent a second measurement in fasting conditions. This strategy allows the analysis of diabetes status, but not glycaemia as a continuous measure. Second, a limitation to study gene by environment interactions was the moderate sample size. While we could detect some differential associations by carriers of different genotypes in candidate genes, even after applying a conservative alpha of significance threshold, larger studies are needed for replication of findings. Third, it is unclear whether the evaluated polymorphisms can induce a change of gene expression or a functional change in the corresponding encoded proteins. The main goal of our study was the identification of differential associations of selenium and diabetes by genetic variants pointing to genes and pathways known to be related to glucose metabolism. Additional functional studies of the identified interacting polymorphisms are needed. Importantly, this is an observational study and we cannot exclude that alterations in both selenium metabolism and transport and glucose metabolism have a common cause (for instance, potentially hepatic damage) or the presence of unmeasured confounders that may partly explain the observed associations. However, the ability to compare cross-sectional and prospective associations with consistent findings is a major strength of the study and makes these alternate explanations unlikely. In addition, the strength of the estimated associations including extensive adjustment for potential confounders, the dose-response relationship, and the biological plausibility of the reported interactions given the involvement of the candidate genes on diabetes pathways, make that our study adds to the body of suggestive evidence supporting of a role of selenium on diabetes risk. Other strengths of our study include the representative sampling design that allows our findings to be generalized to a general population framework.
In conclusion, we observed linear associations of plasma selenium with prevalent and incident diabetes and found evidence that these associations may be modified by alteration of redox and glucose metabolism, including insulin-signaling pathways. While our results add to the concern about the potential adverse effects of selenium, future studies are needed to confirm the observed interactions and to establish the biological and clinical implications of our findings under different levels of selenium exposure. 
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